Abstract: Excimer laser micromachining by mask projection with half-tone masks has been used to define deep structures with complex surface profiles in cross-linked SU-8 photoresist. A simple algorithm has been developed to derive the required mask transmission function given the material etch characteristics and the desired surface profile. This algorithm has been shown to give reasonable profile accuracy for structures with heights of up to about 150 mm. The technique has been used in the fabrication of the rotor blades for an axial-flow microturbine.
Introduction
Laser micromachining has found many diverse applications in research and industry over the past 20 years [1, 2] . The ability to define structures with micrometre or submicrometre feature sizes in a wide range of materials makes laser processing an extremely versatile fabrication tool. Unlike conventional microfabrication methods, which combine techniques such as photolithography, vacuum deposition and chemical etching, laser micromachining is a single-step process in which material is removed directly by the laser-solid interaction. This reduces processing time and complexity, and avoids wet chemical processing. Historically excimer lasers have been at the forefront of many laser micromachining developments [3] , although in recent years research focus has shifted somewhat towards up-converted solid-state lasers and femtosecond lasers.
From a microsystems perspective, one of the most important features of laser micromachining is its ability to produce 3-D (three-dimensional) structures, both in siliconrelated materials and in materials not found in mainstream silicon processing. This is of particular relevance to microfluidics and related areas such as BFC (biofactoryon-chip) and mTAS (micro-total-analysis systems). Key elements of microfluidic systems, such as filters, mixers and reactors, all require complex 3-D stucturing. More generally, the ability to produce 3-D structures in functional materials has great potential for the development of novel sensors and actuators, whereas the 3-D processing of polymers and glasses is important to the development of advanced packaging solutions for microsystems.
In the case of solid-state laser micromachining, 3-D structuring is typically achieved by scanning a focused laser spot along a specified tool-path. This 'direct-write' approach is similar in concept to machining with a conventional milling tool, although the situation is more complex because the machined depth is a function of the scan speed and pulse repetition rate, and also depends on the detailed shape of the toolpath. In the case of excimer lasers, which have a higher pulse energy and a lower beam quality than solidstate lasers, it is more usual to project a mask pattern onto the workpiece, as in a lithographic stepper. In this case, with a normal binary mask (zero or 100% transmission), material is removed to the same depth in all exposed regions. Stepped relief can be produced with this kind of system by so-called indexed mask projection, which involves a sequence of exposures with different static masks [4] . An alternative approach is to move or 'drag' the workpiece or mask while firing the laser. For example, if the sample is dragged beneath a fixed mask aperture, a channel will be produced, the cross-sectional profile of which will depend on the aperture shape. In particular, if the laser pulse repetition rate (PRR) and the dragging speed are held constant, then the local depth will be proportional to the aperture length in the direction of motion. Local variations in the channel shape and overall depth can be effected by varying the PRR and/or the dragging speed during processing. Mask and workpiece dragging are well suited to producing structures with a high degree of symmetry, and have been widely used in the fabrication of periodic structures such as blazed gratings, microchannel arrays, microlens arrays, and anti-reflection surfaces [2] .
The above techniques achieve variable depth by exposing different parts of the workpiece surface to different numbers of laser pulses. The fluence (pulse energy per unit area) in the exposed regions is usually the same everywhere on the surface, and constant with time. An alternative option is to have the same number of pulses everywhere, but vary the local fluence using a half-tone mask. A half-tone mask comprises an array of pixels, each with a transmissive aperture of well defined area on an opaque background. Provided the pixel structure is not resolved by the projection optics, the mask behaves as an attenuator, with the local transmission depending on the aperture size in each pixel. In this way a conventional binary mask can be made to behave like a continuously variable or grey-scale mask. The same effect can be achieved by other methods, for example by using the HEBS (high energy beam sensitive) glass process [5] . However, these have the disadvantage of requiring non-standard mask technology. Half-tone ablation can produce a wider range of geometries than mask or workpiece dragging, and is less costly in terms of mask real estate than indexed mask projection. On the other hand, the mask design process is more complex, requiring detailed knowledge of the material ablation characteristics.
Half-tone masks have been used previously with conventional projection lithography to produce microlens arrays and other microstructures [6, 7] . They have also been used with excimer lasers to fabricate multi-level diffractive optical elements [8] , and in the formation of apodised gratings in optical fibres [9] . In this paper we investigate the use of half-tone ablation to define deep polymer microstructures with complex surface profiles. A simple algorithm is presented for estimating the required mask transmission function from the material etch characteristics and the desired surface shape. Results are presented for profiles ablated into SU-8 photoresist, showing good agreement between the achieved and target profiles. Suggestions for future developments of the design algorithm are also made.
Half-tone masks

Theory of operation
This Section reviews the operational principles and design criteria of half-tone masks. To put this discussion into context, it is useful first to consider the optical setup in a laser micromachining system. Figure 1a shows a typical arrangement in a commercial excimer laser micromachining workstation [10] . Before reaching the mask, the laser beam passes through a series of elements including a shutter and a variable attenuator (not shown), a beam shaper and a homogeniser. The beam shaper transforms the beam crosssection from rectangular to roughly square. The homogeniser then splits the beam into a large number of sourcelets (typically 6 Â 6), each of which is projected onto the mask from a different direction with the aid of the condenser lens. Overlapping different portions of the beam in this way improves the uniformity of illumination at the mask plane, which is essential for a uniform material removal rate. Finally, the projection lens forms a demagnified image of the mask on the workpiece. The maximum size of the exposed area or 'field' depends on the laser pulse energy and the material ablation characteristics, but typical values for a polymer material might be a 1 Â 1 cm 2 field at the mask, with demagnification of 5x, giving a 2 Â 2 mm 2 field at the workpiece.
We shall consider the mask imaging process in detail with the aid of Fig. 1b . Here the projection lens is represented as a simple telescope arrangement comprising two converging lenses. In this case the magnification M is simply the ratio of the two focal lengths, while the numerical aperture (NA), which determines the resolving power of the lens, is set by the aperture stop. For a lithographic projection lens, the NA is normally referred to the image side, so for the arrangement in Fig. 1b we have NA ¼ sin (y m2 )E M sin (y m1 ).
According to scalar diffraction theory [11] , the complex amplitude in the plane of the aperture stop when the mask is illuminated by a plane wave at normal incidence is given by the Fraunhofer diffraction integral:
Mðkp; kqÞ ð 1Þ
Here E is the illumination intensity (power per unit area) at the mask, l ¼ 2p/k is the wavelength, l is the distance from the first lens to the aperture stop, and M(u, v) is the twodimensional Fourier transform of the mask amplitude transmission function m(x, y) i.e.:
Mðu; vÞ ¼
mðx; yÞ exp½Àjðux þ vyÞ dxdy ð2Þ
The position coordinates (p, q) in the plane of the aperture stop are normalised to l. In the case of a binary mask, the mask amplitude transmission function is zero in opaque regions, and one in transmissive regions.
Imaging of a normal binary mask:
The functions U(p, q) and m(x, y) are related by a Fourier transform, and consequently the complex amplitude in the plane of the aperture stop represents the spatial frequency spectrum of the mask pattern. In an ideal imaging system, all of the light incident at this plane would be collected by the second lens to form the image. In this case, the image would be a faithful reproduction of the mask pattern, reduced by the magnification ratio M.
In a real lens, the aperture stop forces U(p, q) to zero for points outside the stop i.e. points for which ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ðp 2 þ q 2 Þ p 4 sin ðy m1 Þ, thereby removing the higher spatial frequency components. This leads to diffraction effects at sharp edges in the image, but has negligible effect on the intensity elsewhere provided that most of the diffraction pattern lies inside the stop. This is the normal situation when micromachining with a binary mask.
Imaging of a half-tone mask:
To see the effect of introducing a half-tone pattern, we consider the case where a binary mask is overlaid with a second mask comprising a large, 2-D array of identical apertures on a square grid of pitch d. In this case we can write the overall transmission function of the combined mask as: allowing the above equation to be re-written as: The non-zero diffraction orders contain information about the fine structure in the half-tone pattern, which should not appear in the image. This can be ensured by arranging for the non-zero orders to lie outside the aperture stop. In this case, the zero-order term in (6) becomes dominant, and we can write:
where the prime denotes that the function has been modified by the aperture stop. From sampling theory, if the binary mask function m b (x, y) were band-limited, with a maximum spatial frequency below p/d, then equality could hold in (7). In practice there will be higher spatial frequency components in M b (u, v) that will be removed by the aperture stop, as would also occur when imaging the corresponding binary mask without a half-tone overlay. Moreover, higher frequency components in the non-zero diffraction orders may appear inside the aperture stop, giving rise to unwanted ringing effects. According to (7), and ignoring effects due to non-bandlimiting of the binary mask, the effect of the uniform halftone array is simply to attenuate the amplitude of the binary mask's diffraction pattern by the ratio A(0, 0)/d . The term A(0, 0) is simply the area of each aperture in the half-tone pattern. Thus, the attenuation of the half-tone mask can be adjusted by varying the aperture size and/or the pitch of the half-tone pattern.
Up to now we have assumed that the apertures in the half-tone array are the same shape and size throughout. In the more realistic case where the apertures vary with position, it can be shown that the results derived above can be applied locally provided changes in the aperture area with position are sufficiently gradual. In this case we can assign the half-tone mask an intensity transmission function given by:
where A s the area of an individual half-tone aperture in the region of the point (x, y). Physically this is reasonable, since there is a direct mapping between regions on the mask and regions on the workpiece, and so it should be possible to control the intensity in any region of the image by adjusting the aperture size in the corresponding region of the mask.
Maximum pitch constraint:
The edge of the aperture stop is the circle ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ðp 2 þ q 2 Þ p ¼ sin ðy m1 Þ, and so in order for all the non-zero diffraction orders to lie outside this circle we require sin ðy m1 Þol=d or:
This sets the maximum pitch of the half-tone pattern in the case of plane wave illumination. The condition (9) has to be modified when the mask is illuminated by a fly's eye homogeniser, because the beams from the off-axis sourcelets produce shifted diffraction patterns in the aperture stop. In this case, the condition for no non-zero diffraction orders to reach the image becomes:
where NA i is the numerical aperture of the illumination, referred to the image space. This is given by NA i ¼ M sin (y mi ), where y mi is the half-angle subtended by the fly's eye array at the mask. Both of the conditions (9) and (10) are limiting cases in that they ignore the finite bandwidths of the diffraction orders. In practice, the pitch d is chosen to be some way below the limit given by (9) or (10), to give some margin between the edge of the aperture stop and the 71 diffraction orders.
Mask manufacture
Unlike true grey-scale masks, which require specialised processing, half-tone masks can be made by standard mask manufacturing routes. Furthermore, because laser micromachining systems usually have a relatively low numerical aperture, the half-tone pitch can be large by modern lithographic standards, and consequently mask fabrication does not pose any serious technological problems. For example, for a lens with an NA of 0.15 and a magnification of 5x, as used in this work, the maximum pitch given by (9) is 8.3 mm, assuming a KrF excimer laser (248 nm wavelength).
Standard chrome-on-quartz masks for photolithography are made by direct-write lithography using electron beams or laser beams. In either case, the mask manufacturing process is characterised by a critical dimension or CD, which is the smallest feature (opaque or clear) that can be defined in the chrome layer. Furthermore, the writing beam is invariably constrained to lie on a snap grid. Because of these restrictions, it is not possible to set the aperture size arbitrarily. However, even with standard processes, the CD and grid size are small enough to ensure good coverage of a wide range of transmission levels.
The half-tone masks used in this work were manufactured using a CORE model 2564 laser lithography tool. A pitch of d ¼ 5 mm was used throughout, and the process had a CD of 1 mm and a writing grid of 0.25 mm. Two types of aperture were used for low and high transmission levels respectively, as shown in Fig. 2. Using (8 . Using just these aperture shapes, the transmission could be varied over the range 0.16 to 92% as w and h were varied over the range 1rw,hr4 mm, with the average increment between adjacent transmission levels being 0.18%, and the largest increment being 0.96%. Note that the apertures were placed in the corners of the half-tone cells, rather than at the centres, as this configuration allows a wider range of w and h values without violating the CD constraint, assuming any combination of transmission levels might occur next to each other.
Mask design
We now consider the problem of finding a mask transmission function T(x, y) that will result in a specified surface topography h(x, y) being formed in an initially flat surface, assuming a fixed maximum fluence or pulse energy per unit area F 0 (corresponding to T ¼ 1), and a number of pulses N. Here h(x, y) is the final machined depth at lateral position (x, y) on the workpiece, and we are assuming M ¼ 1 so that the same coordinates can be used for both the mask and the workpiece.
If the machined structure is shallow compared to the focal depth, and contains no steeply inclined regions, then it is reasonable to assume that the structure will grow uniformly by (100/N)% with each pulse. In this case, the change in height dh with each pulse at position (x, y) is given simply by dh(x, y) ¼ h(x, y)/N. By combining this with the measured material etch function f(F), which gives the etch depth per pulse as a function of fluence, the required transmission function is readily obtained as:
Here we have assumed that the fluence distribution F(x, y) at the workpiece is a faithful reproduction of the mask transmission function i.e. that F(x, y) ¼ F 0 T(x, y). This ignores any imaging defects introduced by the projection lens.
The above approach has been used successfully in the fabrication of laser micromachined multi-level diffractive optical elements in polycarbonate [8] . In this kind of application, where the maximum depth is of the order of 1 mm, the accuracy to which the desired surface can be produced depends mainly on the quality of the etch function data, and on control of the maximum fluence. In general, relative heights can be controlled very well, but absolute control is more difficult because pulse-to-pulse energy fluctuations do not get averaged out when the total number of pulses is small.
For structures much deeper than the focal depth, the assumption of uniform growth is expected to break down for several reasons. Firstly, the fluence incident at any (x, y) position on the partially etched surface will vary as the structure evolves because of diffraction, and also because the beams from the different sourcelets in the homogeniser will start to separate out. Models have been developed previously that take these effects into account [12] . Secondly, depending on the topography of the surface, the dependence of the etch rate on angle of incidence may become important. All materials show a reduction in ablation rate as the illumination becomes more oblique. This has previously been justified in terms of a reduction in the energy flux at the surface, and modelled accordingly by simply replacing F in the etch function with F cos y, where y is the angle between the local fluence vector and the inward normal to the surface. This model was originally proposed by Kahlert et al. [10] to explain in a semi-quantitative way the variation of sidewall angle with fluence in laser micromachined structures.
If the local gradient of the surface is sufficient for the angular dependence of the etch rate to become significant, then the change dh i (x, y) in the surface due to the ith pulse may be written as:
where f(F, y) is the angle-dependent material etch function, and F i (x, y) and y i (x, y) describe the fluence and angle of incidence functions for the ith pulse. The cos y i term on the right-hand side of this equation corrects for the fact that the etch function gives the etch depth dn i normal to the current surface and not the original surface (see Fig. 3 ). Illumination normal to the original surface is assumed.
In general, there will be no solution to (12) for which the growth is uniform and the fluence distribution F i (x, y) is the same for all i. Consequently, a half-tone mask which has a fixed transmission function cannot be expected to give uniform growth in deep structures. Without the assumption of uniform growth, (12) generally has to be solved by iterative methods.
SU-8 test structures
In this work two types of test structure were produced in SU-8 with a view to investigating the uniform growth assumption, and the effect of angle of incidence. The first was a stepped, multi-level calibration pattern, produced by a half-tone mask containing windows with discrete transmission levels covering the range 5 to 90% in 5% increments. The second type of structure was a long, narrow trench in which the depth was held constant in the long axis, and increased smoothly from zero at the centre to a maximum value h max at either edge in the narrow axis. The dashed line in Fig. 4a shows the transverse depth profile h(x) for one structure of this type. The function h(x) is constructed from two circular arcs, each of which passes through h ¼ 0 at the centre of the trench. Once the arc radius is defined, the centre of each arc is fixed by imposing the requirement that 7dh/dx7-N at the trench edges. For example, with an arc radius of half the trench width a smoothly rounded profile is obtained, while the profile in Fig. 4a corresponds to the case where the arc radius is twice the trench width.
The required half-tone transmission functions for the trenches of the type in Fig. 4a were estimated using the methods outlined above. The following angle-dependent etch function was assumed:
e r w i s e ð13Þ
For y ¼ 0 this is a standard 'Beer law' ablation characteristic [13] . The parameters a À1 and F T , which represent the absorption depth and ablation threshold, were estimated from the normal incidence measurements shown in Fig. 5 . The data in Fig. 5 are specific to the cross-linked SU8 material used in this work, and were obtained by KrF ablation over a range of fluence levels using a normal binary mask.
Using (12) and (13), the set of fluence distributions F i required for uniform growth was determined for a given number of pulses. The transmission function of the mask was then derived simply by averaging the functions F i over the N pulses:
yÞ ð 14Þ Figure 4b shows the mask transmission function derived from the target profile in Fig. 4a , assuming N ¼ 600 and
The maximum mask transmission is capped at 90%.
Use of (14) to derive the mask transmission function avoids iterative calculations, and appears to give reasonable results, at least when the etch function is described by (13) . For example, the solid line in Fig. 4a shows a simulated profile obtained using a fixed fluence distribution as in Fig. 4b . The surface was propagated pulse by pulse, using (12) and (13), and the agreement between the target and simulated profiles is clearly very good. Note that the edges of the trench have been excluded from the simulation, as the models used here, which ignore diffraction, are too primitive to deal with large step changes in fluence. Figure 6a shows a scanning electron microscope (SEM) image of a multi-level structure produced in cross-linked SU-8 using the calibration mask. This structure was produced by 50 laser pulses from a KrF excimer laser, with F 0 ¼ 1 J/cm 2 . Figure 6b shows the percentage mask transmission in each region. The maximum fluence was determined by replacing the half-tone mask with a normal binary mask containing a single rectangular aperture of known area, and then measuring the pulse energy incident at the workpiece. Other similar structures, with varying depths, were produced by exposure with different numbers of pulses, and the depth profiles were measured using a stylus profilometer. Depths were recorded only on the flat surfaces of the steps, so the finite tip radius of the profilometer did not impact on the measurements. Figure  6c shows the measured depths corresponding to various different transmission levels as a function of pulse number. Clearly the structure is growing uniformly, which is the expected behaviour for a relatively shallow structure where the surfaces of interest are not steeply inclined. Figure 7a shows an SEM image of a profiled trench formed in SU-8 using the mask and process conditions of Fig. 4b . The accompanying graph compares the experimental depth profile (shown as open diamonds) with simulations done assuming angle-dependent (dashed line) and angle-independent (solid line) propagation. In both simulations, the structure was propagated using (12) and (13), but in the angle-independent case y i was set to zero throughout. The experimental profile was extracted from the SEM image with the aid of custom analysis software. The image was imported into MatLab, and then the raw profile was extracted by clicking on points at the interface between the curved surface and the end wall of the trench. Points at the interface between the end wall and the original sample surface were also extracted for scaling and rotation of the raw data. Finally, a correction was made for the SEM viewing angle. It is estimated that profiles extracted by this method were accurate to within a few micrometres.
Experimental results
The experimental profile in Fig. 7a shows reasonable agreement with the target profile, the latter being represented to a close approximation by the dashed line. Interestingly, however, much better agreement is obtained with the simulation that ignores angle dependence. In this case the maximum height difference between the experimental and simulated profiles is 14 mm, with the root-meansquare deviation being 5 mm. These values are degraded by the relatively poor agreement near the centre of the trench, which may be attributed to the fact that (13) probably under-estimates the ablation rate near threshold (see experimental data in Fig. 5 ). Based on these initial results, it appears that a closer match to the target profile would be achieved by assuming angle-independent propagation when deriving the mask transmission function. This suggests that the angular dependence of ablation rate for SU-8 is slower than predicted by (13) .
Figures 7b and 7c show SU-8 trenches produced using the same mask and maximum fluence, but with 400 and 200 pulses respectively. As in Fig. 7a , excellent agreement is achieved between the experimental data and the angleindependent simulation. In Fig. 7c , the two simulations also show good agreement because the gradient of the surface is low in all regions.
Discussion and Conclusions
From our preliminary experiments, it appears that half-tone ablation, which has previously been confined to relatively shallow structures, is a viable technique for producing deep structures with complex surface profiles. Using a simple mask-design algorithm that assumes uniform growth of the structure and ignores diffraction, structures with depths up to around 150 mm have been produced with reasonable control over the surface profile. The results suggest that a design algorithm based on angle-independent propagation can give close agreement between the experimental and target profiles, even on surfaces with relatively steep surface gradients. Further experiments are required to see whether this result extends to other materials and structures.
This work was originally motivated by the need to fabricate curved rotor blades for an axial-flow microturbine device [14] . However, attempts to fabricate the necessary structures by half-tone ablation have revealed several issues that will need to be addressed if the technique is to be applied to deeper structures. Most significantly, in structures where the maximum depth exceeds about 300 mm, conical defects tend to occur in shallower regions. For example, Fig. 8 shows an SEM image of part of an SU-8 turbine rotor, where an attempt has been made to machine curved blade surfaces into a part preformed by conventional photolithography. The target maximum depth in this case is a Multi-level calibration pattern produced in SU-8 by half-tone ablation, with 50 Â 100 mm 2 steps; b Map showing mask percentage transmission levels in different regions; c Measured variation of machined depth with number of pulses for different transmission levels 600 mm, and the process has been terminated at the half-way point, where the defect density is already quite high. Similar defects are evident in Fig. 7 , but at a much lower density.
The formation of conical defects is well known in other polymer materials [15] . They are thought to arise from micromasking of the polymer surface by particulate contamination such as ablation debris. Cone formation is confined to low fluence levels, where the ablation process is not sufficiently violent to dislodge the contaminant particles. Consequently it is a particular problem for half-tone ablation when control of the surface depth down to zero is required. In the case of SU-8, initial experimental observations suggest that cones arise primarily from redeposition of ablation debris. The problem can be alleviated by ultrasonically cleaning the sample at regular intervals during laser processing, or by laser machining through a protective polymer film (e.g. kapton tape) that is replaced at intervals. However, both of these approaches involve interrupting the laser micromachining operation, which is clearly undesirable. An alternative might be to transport the ablation debris away from the sample site using a highpressure gas jet and/or a suction tube. This option will be investigated in future work.
A second issue with deeper structures is that diffraction effects and separation of the images from the different sourcelets in the homogeniser will become more pronounced. A more sophisticated mask design algorithm that takes these effects into account is likely to be required for structures with depths beyond a few hundred micrometres.
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